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We have characterized two polyomavirus large T antigen mutants with different properties in viral DNA replication. dl-97,
a mutant active in immortalization, exerts a dominant negative effect in viral DNA replication. 13val, which is defective in both
immortalization and viral DNA replication, has a lesion in the putative DnaJ domain affecting the block of Rb function. © 2000
Academic Press
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1INTRODUCTION
The polyomavirus large T (LT) antigen is a multifunc-
tional protein that plays important roles in productive
infection and cellular transformation. Like its SV40 coun-
terpart, it has an ATP-dependent helicase activitiy that
allows unwinding of duplex DNA (Seki et al., 1990; Wang
and Prives, 1991), and it associates physically with the
DNA polymerase a-primase complex (Moses and Prives,
994). Because LT is a modular protein consisting of
istinct functional domains (Gjorup et al., 1994; Holman
t al., 1994), some of its functions can be performed by
runcated fragments of the protein. The N-terminal (NT)
omain, which contains the Rb binding site, is sufficient
o immortalize and complement the middle T antigen for
ransformation of primary cells (Rassoulzadegan et al.,
982; Asselin and Bastin, 1985). Similarly, a C-terminal
CT) fragment can be sufficient for driving viral DNA
eplication. A construct comprising residues 264–785 is
ctive in growing mouse cells but deficient in serum-
tarved cells (Gjorup et al., 1994). This deficiency can be
omplemented by coexpression of NT, or other DNA
umor virus gene products, presumably by driving quies-
ent cells into S phase.
LT is also known to promote homologous recombina-
ion (Colantuoni et al., 1982; Pellegrini et al., 1984; St-
nge et al., 1990) but the mechanism is not completely
nderstood. While some replication defective mutants
re defective in recombination, others can promote a
ariety of recombination events such as gene conver-
ion, amplification, chromosomal inversion, and unequal
ister chromatid exchange (St-Onge and Bastin, 1993,
994; St-Onge et al., 1993). In this study, we have char-
cterized two polyoma LT mutants, designated 13val ande
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370l-97. They are both affected in viral DNA replication but
how different behaviors in recombination.
RESULTS AND DISCUSSION
eplication in rat versus mouse cell lines
The observation that CT alone can be sufficient for
iral replication is in apparent conflict with results from
his laboratory showing that some mutations in the N-
erminal domain impair replication (St-Onge and Bastin,
993). Because these experiments were carried out in
at, instead of mouse cells, we asked whether the cellu-
ar background was critical for the mutants’ activities.
hus, vectors expressing either CT or full-length LT (Fig.
A) were transfected in rat fibroblasts with a reporter
lasmid containing the polyoma origin. Replication was
ssayed by the appearance of DpnI-resistant, low-mo-
ecular-weight DNA 48 h after transfection. Figure 2A
hows representative results of three experiments per-
ormed on FR3T3 cells growing in 10% calf serum. Al-
hough rat cells are only semipermissive for polyomavi-
us (Tooze, 1981), they supported viral replication very
fficiently. CT, however, was inactive (0.2–3% of LT).
ince CT was known to be defective under certain
rowth conditions, we attempted to restore its activity by
otransfecting NT, as previously described for serum-
tarved mouse cells (Gjorup et al., 1994). While it was
ossible to complement CT with NT in mouse NIH3T3
ells (Figs. 2B and 2D), coexpression of NT with CT had
nly a modest effect (3–6% of LT) in rat cells (Fig. 2A).
his led us to examine the properties of 13val, another LT
utant, in NIH3T3 cells. 13val has a Leu-to-Val substitu-
ion in the N-terminal domain (position 13) that severely
mpairs replication in primary rat embryo fibroblasts and
n a variety of rat and mouse cell lines (St-Onge et al.,
993). In both rat and mouse cells, 13val had some
xpression defect (about 50% of wild-type LT; e.g., Fig.
B), presumably because of protein instability (Larose et
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371POLYOMAVIRUS LARGE T MUTANTSal., 1991). Despite this defect, 13 val had some activity in
NIH3T3 cells (Fig. 2D). When 13val and NT were cotrans-
fected, a more intense band of replicated DNA was
obtained, indicating that 13val and CT could be related
mutations.
Factors influencing CT and 13val activities
As already reported by Gjorup et al. (1994), important
ariations were observed in the efficiencies of both CT
nd 13val compared with LT. Since the mutants were
articularly inefficient in rat cells, we asked whether they
ould show a similar behavior in some mouse cell lines.
FIG. 1. (A) Structure of the polyoma LT expression vectors. Polyoma
sequences are represented by open boxes. The CMV promoter and the
b-globin intron are represented by solid boxes. The numbers refer to
amino acid residues in the LT protein. All vectors contain the neo gene
for G418 selection. pPyLT (pneo-LT1): intronless gene for polyoma LT
under the control of the viral promoter; pCMV-LT: polyoma LT under the
control of the cytomegalovirus (CMV) promoter. pCMV-CT expresses
residues 264 to 785 in LT (Gjorup et al., 1994). pCMV-dl-97Dct ex-
presses the N-terminal domain of the dl-97 mutant. The dl-97 deletion
(amino acids 270–280) is indicated by an arrowhead. (B) Expression of
LT and various mutant proteins. Lysates of transfected NIH3T3 cells
were Western blotted and probed with an anti-T antibody (a gift from B.
Schaffhausen). The nature of the various mutations is given in the text.
Mock: cells were transfected with pcDNA3.bout 10 subclones were isolated and purified from a
eterogeneous population of NIH3T3 cells and tested
f
fndividually for replication. The replication efficiency of
T varied between 1.3 and 20% that of LT (typical assays
re shown in Fig. 2D). In most subclones, the activity of
3val reached 50 to 60% that of LT (example shown in
ig. 3A). To determine to which extent replication was
ffected by an expression defect, stable transformants
ere isolated from both mouse (NIH3T3) and rat (FR3T3)
ells, and screened for T antigen expression. Figure 3B
hows the results from two cell lines, designated
613val and F13val, that produced relatively high and
qual levels of the 13val protein. Replication was surpris-
ngly high in the mouse cell line and still low in its rat
ounterpart.
One NIH3T3 subclone (sc-1) was isolated as a spon-
aneous transformant overgrowing the cell monolayer. In
his subclone, CT was virtually inactive (1–3.2%), al-
hough the activity was restored by NT (Fig. 2D). This
as an intriguing observation, since sc-1 cells were
ctively dividing and the function of NT was thought to
rive quiescent cells into S phase (Gjorup et al., 1994).
To determine whether the ability to support CT-depen-
dent replication was unique to some established cell
lines such as NIH3T3, the assay was performed in pri-
mary mouse embryo fibroblasts. In these cells, CT was
less active than in most NIH3T3 cells and the activity
increased only twofold in the presence of NT (Fig. 2C).
Taken together, these results show that the capacity to
support efficient CT and 13val replication is a property of
some NIH3T3 cells and that driving cells into S phase
may not be sufficient to activate the mutants.
Activation by dl-97
dl-97 is a mutant lacking amino acids 270 through 280
(Asselin et al., 1986). It is inactive in both replication and
recombination (St-Onge et al., 1993), presumably be-
ause it lacks Thr278, which is equivalent to Thr124 of
V40. Phosphorylation of this residue is crucial for SV40
eplication (Fanning, 1994). As shown in Figs. 2C and 2D,
l-97 did not stimulate CT activity, yet this mutant con-
ains all of the amino acids included in NT. A possible
xplanation is that dl-97 inhibited replication. When dl-97
as transfected with LT, replication decreased by a fac-
or of 5 (Fig. 2A). The inhibition was observed in other rat
nd mouse cell lines and in primary cells (data not
hown). To locate the domain responsible for the inhibi-
ion, the C-terminal portion of dl-97 was deleted from nt
656 (HindIII site). This construct (dl-97Dct) did not inhibit
eplication (not shown) and, when transfected with CT, it
estored some replication, although not to the levels
btained with NT (Fig. 2D). dl-97 was then modified by
ntroducing one of the zinc-finger mutations constructed
y Rose and Schaffhausen (1995). The mutations (resi-
ues C-452, H-469, and H-472) block the ability of LT tounction in replication, presumably because of their de-
ect in self-association. As shown in Fig. 2A (LT 1 dl-97*),
tation. (B
e at nt
372 LEMIEUX AND BASTINintroduction of the zinc-finger mutation into dl-97 re-
versed the inhibition. This suggests that the dominant
negative effect of dl-97 is the result of its ability to
FIG. 2. Replication assays. The reporter plasmid (1 mg of pPLCAT) w
he vectors indicated. When two vectors were used, 2.5 mg of each of th
48 h, and the state of methylation of pPLCAT was measured as an in
Southern blot hybridization was performed with the use of the CAT ge
because pPLCAT contains a single BclI site. Bands were quantitated w
refer to the radioactivity detected in the replicated DNA as a percentage
double mutant carrying both the dl-97 deletion and the zinc-finger mut
of the NIH3T3 cell line. Dct: LT sequence interrupted at the HindIII sitoligomerize with LT and that oligomerization requires the
zinc finger.Mutations inactivating NT
The fact that NT complements the 13val defect in
oduced into cells (about 5 3 105 cells) by cotransfection with 5 mg of
rs were combined. The low-molecular-weight DNA was extracted after
ssay of replication by digestion with both DpnI and BclI, after which
probe. The replicated DpnI-resistant DNA appears as a single band
geQuant software (Molecular Dynamics). Numbers below radiograms
wild-type LT control. (A) FR3T3 cells. LT*: zinc-finger LT mutant; dl-97*:
) NIH3T3 cells. (C) Primary mouse embryo fibroblasts. (D) Subclones
1656.as intr
e vecto
direct a
ne as a
ith Ima
of theNIH3T3 raises the question whether CT and 13val are
related mutations. The activity of 13val does not always
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line expressing wild-type LT; N613val: NIH3T3 cell line expressing
13val; F2LT: rat FR3T3 cell line expressing wild-type LT; F13val: FR3T3
373POLYOMAVIRUS LARGE T MUTANTSparallel that of CT. While CT alone is always inactive in
sc-1, 13val exhibits some activity (Fig. 2D). When the
13val mutation was transferred into the NT vector, no
complementation was observed in the replication assay
(Fig. 2B). However, this could be the result of an expres-
sion defect because very little NT13val was observed in
Fig. 1B. By contrast, the 16val mutation (Leu16 changed
into val) had wild-type activity (Fig. 2B). To see the effect
of a mutation in the N-terminal domain, we used P43S, a
stable mutant affected in conserved residues of the DnaJ
domain (Sheng et al., 1997). When the P43S mutation
as transferred into NT, no complementation was ob-
erved (Fig. 3C). The activity of NT bearing a deletion in
he Rb binding site was also tested. The mutant NTdl-141
howed some complementation with CT (Fig. 3C). Taken
ogether, these results show that the NT activation func-
ion is lost by a mutation in the J domain but not by a
eletion in the Rb binding site. Furthermore, the 13val
utant appears to function better than both CT and P43S
n replication. It is possible that 13val is more active
ecause it is more stable or because it has retained
ome activity in its N-terminus. The J domain consists of
our a-helices connected by loops and arranged such
that helices 2 and 3 form a fingerlike structure separated
by the conserved sequence HPD (reviewed by Brodsky
and Pipas, 1998). P43S maps in the conserved HPD
sequence while the 13val mutation affects helix 1. It is
conceivable that such mutations might have different
phenotypes. Studies on SV40 have already shown that
the penetrance displayed by J domain mutants is vari-
able in both replication and transformation (reviewed by
Brodsky and Pipas, 1998).
Interaction with Rb family members
We wished to know whether other LT activities, be-
sides viral DNA replication, could be stimulated by a
trans-acting NT. One well-characterized function of the
papovavirus NTs is the binding of Rb family members
(DeCaprio et al., 1988; Ewen et al., 1989; Dyson et al.,
990; Larose et al., 1991). Although mutants in the J
egion retain the ability to associate with pRb, p107, and
130, they are inactive in assays dependent on Rb family
inding. This interaction can be assayed by measuring
ransactivation of promoters containing E2F sites (Sheng
t al., 1997). To test the mutants’ activity, a reporter
lasmid containing E2F sites adjoining the CAT gene
as transfected along with mutant or wild-type LTs. A
ypical assay is shown in Fig. 4. In agreement with Sheng
cell line expressing 13val. Cells were transfected with the reporter
plasmid without LT. (C) Complementation between CT and various NT
mutants. NIH3T3 cells (sc-6) were transfected with the reporter plas-
mid, with CT and the NT mutants indicated. Samples were analyzed forFIG. 3. Replication assays. (A) NIH3T3 cells (sc-6) were transfected
with the reporter plasmid and various LT mutants and analyzed for viral
DNA replication and LT expression. Mock: cells transfected with
pcDNA3; P43S: LT mutant affected in the DnaJ domain (Sheng et al.,
1997); dl-141: LT mutant affected in Rb binding (Larose et al., 1991). Both
NA replication and protein concentration are normalized to the values
ound for wild-type LT. (B) DNA replication in mouse and rat cells
xpressing high levels of the 13val mutant. N6LT: mouse NIH3T3 cellDNA replication and NT expression. DNA replication was normalized to
the value found for LT, as in (A).
cs
c
a
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374 LEMIEUX AND BASTINet al. (1997), LT induced a 30-fold increase in CAT activity.
dl-141, a mutant with a deletion in the Rb binding site
gave essentially no activation. 13val was also inactive,
thus behaving like P43S and other mutants affected in
conserved residues in the J domain (Sheng et al., 1997).
To see whether the function impaired in 13val acts as
a cis or a trans element in activating the E2F promoter,
complementation experiments were performed. When
equal amounts of dl-141 and 13val vectors were cotrans-
fected, activation of the E2F promoter was restored (Fig.
4). Some E2F activation was also observed on cotrans-
fection of dl-141 and P43S (Table 1). To confirm these
results, transactivation experiments were repeated with
two series of vectors incapable of forming oligomers,
that is, NT and the zinc-finger mutant. If binding of Rb and
some cellular protein recruited by the J domain, such as
hsc70, could occur on separate LT molecules, one would
observe complementation even when LT molecules are
unable to oligomerize. As shown in Table 1, neither NTdl-
141 nor the zinc-finger mutant with the dl-141 deletion
FIG. 4. CAT assays. Top: NIH3T3 cells were transfected at 60%
onfluence with 5 mg of lipofectamin (Gibco BRL), 0.5 mg of the reporter
plasmid pA10-E2F-CAT, and 0.5 mg of the indicated T antigen expres-
ion vector. In complementation experiments, 0.25 mg of each vector
was used. This concentration was close to saturation to avoid any
additive effect between the two vectors. Cells were extracted 48 h
posttransfection and assayed for CAT activity. Bottom: Thin-layer chro-
matography plates were quantitated with ImageQuant software (Mo-
lecular Dynamics) to determine the percentage of 14C in acetylated
hloramphenicol. The data are expressed as fold increase in CAT
ctivity over that of a pAT153 negative control. Each value is the
verage of two experiments.was able to increase the 13val activity. Similar results
were obtained when cotransfections were performedwith dl-141 and either NT13val or the zinc-finger mutant
carrying the 13val substitution (data not shown). This
indicates that the complementation observed between
13val and dl-141 was the result of oligomerization of the
mutants and that, as far as E2F activation is concerned,
the function impaired in 13val is directly connected to the
effect of LT on Rb. It also points to the likelihood that the
mutation is affecting the J domain, a notion consistent
with the phenotype of 13val, which is defective in immor-
talization despite its ability to bind to Rb (Larose et al.,
1991). Interestingly, substitution of Leu16, a residue
thought to be part of helix 1, has no effect in E2F trans-
activation (this study) nor in immortalization (Larose et
al., 1991).
In both SV40 and polyomavirus, the J domain and
Rb-binding motifs are required in cis to inactivate the
tumor-suppressing functions of the Rb family (Sheng et
al., 1997; Zalvide et al., 1998). We have shown here that
the polyoma J domain can act in trans, but only in viral
DNA replication and only in some cell types. Although CT
alone can be sufficient for viral DNA replication under
some circumstances (Gjorup et al., 1994), efficient repli-
cation requires the presence of NT. In most cell types, NT
has only a modest effect when provided in trans (about
twofold stimulation in FR3T3 and in primary mouse em-
bryo fibroblasts). By contrast, it has a more pronounced
effect in NIH3T3 (10- to 50-fold stimulation), and is even
more efficient in trans than in cis.
The reason for such a difference between FR3T3 and
NIH3T3 is not known, nor is the nature of the trans effect.
Another case in which a J domain function can be sup-
plied in trans is the transactivation of the cyclin A gene
by the SV40 small t antigen (Porras et al., 1996). Stimu-
lation has also been observed by factors that drive qui-
escent cells into S phase. For example, some comple-
TABLE 1
CAT Assays
Mutant CAT activity
LT 30.0 6 4.3
NT 15.3 6 1.2
NTdl-141 3.1 6 0.1
13val 6.4 6 0.6
dl-97 21.8 6 0.1
13val 1 NTdl-141 7.8 6 1.2
LT* a 17.5 6 0.4
dl-141 3.9 6 1.7
dl-141* b 4.7 6 0.2
13val 1 dl-141 28.5 6 10.3
13val 1 dl-141* 8.9 6 0.1
P43S 2.6 6 0.4
P43S 1 dl-141 15.1 6 1.5
a LT*, zinc-finger mutant (residues C-452, H-469, and H472).
b dl-141*, double mutant carrying the dl-141 deletion and the zinc-
finger mutation. Other conditions as in Fig. 4.
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375POLYOMAVIRUS LARGE T MUTANTSmentation has been observed by replacing polyoma NT
with E1A or HPV 16 E7 (Gjorup et al., 1994). In experi-
ments not described here, we have observed some stim-
ulation by polyoma middle T, but not to the extent of NT.
In some NIH3T3 cells (sc-1), CT alone is inactive despite
the fact that the subclone has a transformed morphology.
Therefore, while it is possible that some viral oncogene
products enhance replication by driving quiescent cells
into S phase, S-phase induction per se is not sufficient
for CT-mediated replication, and NT appears to be
unique in its activity. Furthermore, NT bearing mutations
at 982/994 is still active, indicating that the ability to bind
Rb is not critical to the complementation (Gjorup et al.,
1994). To explain the difference in J domain requirements
between FR3T3 and NIH3T3 cells, we propose the fol-
lowing model (Fig. 5). The J domain is required in at least
two different steps in LT-mediated DNA replication. In
most cell types, represented by rat FR3T3 cells and
primary mouse embryo fibroblasts, it is required in cis to
nduce a conformational change in either the LT mole-
ule itself or one or several cellular targets associated
ith it (Step 1). In NIH3T3, Step 1 does not require the J
omain because, as a result of establishment, these
ells have acquired the ability to carry out the same
FIG. 5. Model for the role of the J domain in T antigen-mediated DNA
eplication. In FR3T3 cells and primary mouse embryo fibroblasts, the
domain is required in cis to induce a conformational change in either
the T antigen molecule itself or one or several cellular targets associ-
ated with it (Step 1). In NIH3T3, Step 1 does not require the J domain
because, as a result of establishment, these cells have acquired the
ability to carry out the same conformational change. However, the J
domain is still required in trans in Step 2 of replication.onformational change. However, the J domain is still
equired in trans in Step 2 of replication.MATERIALS AND METHODS
Vectors
The vectors for full-length LT, NT (LT residues 1–259), or
CT (LT residues 264–785) are depicted in Fig. 1A. pPyLT
was derived from pPyLT1 (Rassoulzadegan et al., 1982) and
contained the neo gene. Details are given elsewhere
(Asselin and Bastin, 1985; Larose et al., 1991). pCMV-LT
was constructed from pCMV-NT, the vector encoding the
N-terminal domain (amino acids 1–259) of LT (Holman et al.,
1994) by replacing the BlpI-BamHI fragment (nt 1079–4632)
with the corresponding fragment from pPyLT1. pCMV-CT
has been described (Gjorup et al., 1994). pCMV-dl-97Dct is
vector expressing the N-terminal domain of the dl-97
utant. To construct this plasmid, the HindIII fragment (nt
1657–3919) was deleted from pCMV-LTdl97. pCMV-NTdl-141
is a vector expressing the N-terminal domain of dl-141
(Larose et al., 1991), a mutant with a deletion in the Rb
binding site (residues 141–146).
Cells and cultures
Cells were grown at 37°C in Dulbecco modified Eagle
medium supplemented with 10% fetal calf serum. To ex-
press the polyomavirus LT, the cells were transfected with
either pneo-LT1 or pCMV-LT and G418 selection was car-
ried out as described previously (Bouchard et al., 1986).
Replication assay
To assess the replicative capacity of the mutants, a
reporter plasmid (1 mg) was introduced into cells by co-
ransfection with a vector expressing polyoma LT. The re-
orter plasmids was derived from pPLCAT, a pML-2-based
lasmid containing the CAT gene and the polyoma replica-
ion origin. The origin region in pPLCAT was from nucleo-
ide (nt) 5006 to nt 168. Approximately 5 3 105 cells in 10-cm
petri dishes were transfected with 6 mg DNA. The low-
molecular-weight DNA was extracted after 48 h, and the
state of methylation of pPLCAT was measured as an indi-
rect assay of replication by digestion with both DpnI and
BclI, followed by Southern blot hybridization. The replicated
DpnI-resistant DNA appeared as a single band because
pPLCAT contained a single BclI site. The unreplicated DNA
appeared as numerous fragments of low molecular weight
at the bottom of the autoradiogram because the plasmid
contained many cleavage sites for DpnI.
CAT assays
Cells were transfected at 60% confluence with 5 mg of
lipofectamin (Gibco BRL), 0.5 mg of the reporter plasmid
A10-E2F-CAT, and 0.5 mg of the indicated LT expression
vector. Cells were extracted 48 h posttransfection and
assayed for CAT activity. Thin-layer chromatography
plates were quantitated with ImageQuant software (Mo-
14lecular Dynamics) to determine the percentage of C in
acetylated chloramphenicol.
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376 LEMIEUX AND BASTINT antigen expression
Protein extracts for Western immunoblotting were pre-
pared by lysing cells, previously washed with phosphate-
buffered saline, in sodium dodecyl sulfate–polyacrylam-
ide gel electrophoresis (SDS–PAGE) sample buffer con-
taining b-mercaptoethanol (50 ml/ml). Samples were
supplemented with 5 mg of hemoglobin (H-2500; Sigma),
sonicated for 10 s, and heated at 65°C for 20 min. After
electrophoresis, the gels were blotted onto nitrocellulose
as described (Sambrook et al., 1989). Blots were first
incubated overnight at 4°C with a polyomavirus anti-T
antibody (a gift from B. Schaffhausen). Unbound antibody
was removed by three washes and the blots were incu-
bated for 1 h at room temperature with the secondary
antibody (anti-rabbit immunoglobulin G) conjugated to
horseradish peroxidase (Amersham). After washing, pro-
tein bands were visualized by enhanced chemilumines-
cence (Amersham) on Kodak Biomax-MR film or scanned
for quantification by digital imaging (STORM, Molecular
Dynamics).
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